Understanding of protein-DNA interactions is crucial for prediction of the DNA-binding speci city of transcription factors and design of novel DNAbinding proteins. In this paper we develop a novel approach to analysis of protein-DNA interactions. We bring together structures of protein-DNA complexes and data on evolution of the DNA binding sites. This allows us to reveal the features of protein-DNA complexes that are conserved in evolution and, hence, are more important in speci c recognition. The main result of this study is that base-pairs that have more interactions with the protein are more conserved in evolution. We also observe that for most of the studied proteins hydrogen bonds and hydrophobic interactions alone can not explain the pattern of evolutionary conservation in the binding site. Implications for prediction of the DNA-binding speci city are discussed.
Introduction
Protein-DNA interactions are central for the regulation of gene expression in a cell. Up to 10% of predicted genes in the newly sequenced bacterial genomes are believed to be transcription factors 1]. The DNA-binding speci city of these factors and, hence, sites they bind are not known. The DNA-binding speci city of transcription factors, if possible to predict, can provide a great deal of information about the network of gene regulation in a cell. Unfortunately, our understanding of the energetics of protein-DNA recognition is sparse.
Much progress has been made since the rst DNA-binding protein was isolated 2]. The most detailed picture of protein-DNA interactions is coming from more than 200 X-ray and NMR solved structures of protein DNA complexes 3]. As this information was accumulated, structures have been thoroughly examined by the authors. Protein-DNA complexes have been studied by chemical modi cations (see 4] for review) and site-speci c mutagenesis (e.g. 5, 6] ); and binding motifs and interactions have been classi ed 7, 8, 9, 10] . Recently three groups 11, 12, 13] extensively studied representative protein-DNA complexes: chemical and physical properties of the interfaces, their polarity, size, shape and packing. Several other groups 14, 15, 16] studied protein-DNA complexes by an approach borrowed from the eld of protein folding. By ignoring atomic details of the structures they derived a knowledge-based potential of residue-nucleotide interactions. The research is aimed at ab initio prediction of protein-DNA speci city and was successfully applied to certain zinc-nger proteins 16]. Although X-ray and NMR structures give us the most detailed picture of protein-DNA interactions, the structures are missing information about the energetics of the interactions and relative importance of di erent residues and nucleotides in the recognition.
By mutating the protein and the DNA site one can identify the relative importance of di erent residues and nucleotides in protein-DNA recognition. These experiments are labor-intensive, making it impossible to study all possible mutations of a few residues and corresponding base-pairs. An enormous number of such mutations, however, have already been tested in the \natural laboratory" by molecular evolution. Families of homologous proteins tell us about mutations that were tolerated by the protein, while alignments of footprinted or computationally derived DNA sites tell us about tolerated nucleotide substitutions. Clearly, nucleotides that were conserved in evolution are more important than those that had been frequently altered. Although evolutionary information does not provide us with \ G" for every base-pair substitution, it reveals the relative importance of di erent residues and nucleotides in the protein-DNA recognition. Naturally, this evolutionary information complements high-resolution picture of protein-DNA interface provided by the NMR and the X-ray crystallography.
In this study we combine structural information for the protein-DNA complexes with the evolutionary information of corresponding footprinted DNA sites. We focus on the bacterial transcription factors because they usually bind the DNA independently and, unlike the eukaryotic factors, no large protein complexes are formed. Besides, many footprinted sites for bacterial transcription factors are available in the DPI database 17]. The goal is to identify and understand primary determinants of speci c DNA recognition by proteins.
We study how conservation of nucleotides in the DNA site is linked to the structural role of base-pairs in the protein-DNA complex. In these complexes we compute the number of interactions every base-pair has with the protein and compare this number with the degree of conservation of this base-pair in footprinted and SELEXgenerated sites 5, 18, 19] . Despite previously observed di erences between the natural and the SELEX sites 20], we observe that the base-pairs having more interactions with the protein are more conserved in the binding sites. As natural as it is, this result has never been reported before.
We also observe that the pattern of hydrogen bonds does not correlate well with the evolutionary conservation suggesting importance of other interactions in determining speci c recognition.
Methods
For our analysis we select all bacterial transcription factors for which a su cient number of footprinted sites in the DPI database 17] and a high resolution X-ray or NMR structure 21] are both available. Only ve proteins, all from Escherichia coli, satisfy these criteria: Crp, PurR, TrpR, Ihf and MetJ. For each structure we compute the number of contacts n i each base pair i has with the protein, i.e. the number of heavy atoms that are at a distance less of equal 4:0 A from a protein atom. To focus on the speci c interactions of the DNA with the protein, we exclude atoms belonging to the sugar-phosphate DNA backbone because they do not depend on the DNA sequence. We also compute the number of hydrogen bonds n HB (including watermediated) and the number of hydrophobic interactions n HF each base-pair has with the protein. 
where f i (x) is a frequency of nucleotide x in position i of the site. Next we compute the correlation between S and n using three di erent measures: the linear correlation coe cient r, 2 association 25], and 2 2 association measure 26]. The correlation coe cient measures the degree of linear correlation between S and n, while 2 and can identify a non-linear association between the variables. For all three measures we compute statistical signi cance P r , P 2 , P as the probability of observed association under the null-hypothesis of independence. For example, to compute P r we randomly shu e the vector S 1000 times and compute r for each shu ed S and original n. Then P r is computed as a fraction of observations with r(S shu ed ; n) r(S; n). Statistical signi cance of 2 and are computed the same way 27]. Both 2 and measure the association between categorical variables, hence to use 2 and one needs to group variables into classes. To compute 2 we group S into four bins: 0; log 1:2], log 1:2; log 2], log 2; log 3], log 3; log 4]. There is no need to bin the number of contacts n, as it is a discrete variable. If C(s; n) is 4 max(n) matrix with the number of base pairs that have S in one of the four classes s, and n interactions, then
E(s; n) = Similarly, to compute we build a 2 2 table by classifying positions as being variable (S i > S cut ) vs conserved (S i S cut ) and as strongly involved (n i > n cut ) vs slightly involved (n i < n cut ) in interactions with the protein. To eliminate ambiguity in setting the cuto s S cut and n cut we use medians of S and n accordingly. This way we obtain a 2 2 variability-involvement frequency table , 11 = number of positions with S i > S cut and n i > n cut 12 = number of positions with S i S cut and n i > n cut 21 = number of positions with S i > S cut and n i n cut 22 = number of positions with S i S cut and n i n cut (3) Then the association between S and n is measured as 26] 
Results Table 1 summarizes results for all ve proteins. Strikingly, for all proteins except MetJ a strong negative correlation between the variability and the number of proteinnucleotide interactions is observed. In other words, base pairs that have more interactions with the protein n are more important for recognition, and hence are more conserved in evolution. To the best of our knowledge, this intuitively clear result has never been reported before. Importantly, all types of interactions were counted together. Table 2 presents correlations between S and the number of hydrogen bonds or hydrophobic interactions formed by each base-pair with the protein. Importantly, when any single type of interaction is taken into account the correlation is usually much weaker.
Crp. Figure 1 presents S i and n i for the complex of Catabolite gene activator protein (CAP) with its site. CAP is a homodimer. The binding site of each domain can be seen as the region of high n i and low S i on the gure. Interestingly, the \right" site is slightly less conserved and indeed it has weaker interactions with the protein. Most of the interactions are formed by ARG180, ARG185 and GLU181 in both chains. They form both hydrogen bonds and hydrophobic interactions (by C ; C atoms interacting with the CH 3 group of T).
The hydrogen bonding pattern n HB and the hydrophobic pattern n HF of interactions exhibit signi cant, but much weaker correlations with S (see Table 2 ).
PurR. For purine repressor both S and n are very symmetric (see Fig. 2 ). However, the perfect symmetry of n is the result of the X-ray structure that was built assuming the two-fold symmetry of the molecule 28]. Correlation between S and n is signi cant, but not very high. There are few exceptions, e.g. base pairs AT in positions -3 and 3 are very conserved, but have no interactions with the protein. Most other positions show a regular trend: S decreases as n increases. On the protein side, residues that have most of the contacts with the bases are THR14, ARG24, LEU52, ALA49 and ALA53. Both hydrogen bonding and hydrophobic interactions are involved in recognition. The hydrogen pattern has a low correlation with conservation, while the hydrophobic one n HB exhibits very high and signi cant correlation with S suggesting the importance of the hydrophobic interactions in speci c recognition by PurR.
Ihf. Integration host factor (IHF) is known to bend DNA 160 o at the binding site. The site consists of two regions: a 5' region with no clear consensus and a 3' region with a signi cant but very small consensus. Accordingly, the X-ray structure of the IHF complex shows very few (if any) protein-DNA contacts in the 5' region and tight protein-DNA interactions in the 3' region 29]. Our analysis brings quantitative support to these observations. Figure 3 shows the number of protein-DNA interactions and variability of the base pairs in the IHF site. Our results indicate that conservation in the 3' region can be very well explained by direct protein interactions with the DNA. Two peaks in n correspond to the regions where two proline residues (one from each protein chain) intercalate the DNA. Four arginines, ARG59 and ARG62 (from both A and B chains), are forming almost as many interactions with the bases as intercalating prolines. Most of the other interactions in these regions are formed by LYS65 (chains A&B), ILE72(chain A), ASN63 (chains A&B) and GLY61 (chains A&B). While arginines are involved in direct and water mediated hydrogen bonding, prolines and isoleucines are forming hydrophobic interactions with the bases. Two out of three hydrogen bonds with the bases, however, are formed by non-conserved G at position ?4 and non-conserved C at position 3. Position ?4 is occupied by G only in 15% of the sites (T is the most frequent) and position 3 is occupied by C in 19% (G is the most frequent, see Fig. 3 ) indicating that hydrogen bonding of these base-pairs does not lead to strong speci city. Another hydrogen bond and several non-bonded interactions are formed by ARG46(B) with base pairs at positions ?10::: ? 13 . These interactions are also apparently non-speci c as base pairs at these positions are not conserved. In summary, a 0:72 correlation is observed in the IHF site, while the hydrogen binding pattern alone can not explain observed conservation. In contrast, hydrophobic interactions dominate in the speci c recognition exhibiting the correlation of r = 0:71.
TrpR. Only four natural footprinted sites are available for TrpR in the DPI database. However, thirteen TrpR sites were found by McGuire et al 30] in the genomes of E.coli and H.in uenzae. We used these 13 sites for our analysis. Although signi cant as judged by r and 2 (but not by ), the correlation between S and n is weak (see Fig. 4 ). Both n and S are symmetric and exhibit the distinct pattern of highly conserved A ?7 C ?6 T ?5 A ?4 and T 4 A 5 G 6 T 7 . Base pairs C ?6 and G 6 have the largest number of interactions with the protein. Both half-sites form multiple hydrophobic interactions with the protein and very few hydrogen bonds. Another conserved base-pair is G C 9 . It has 7 interactions with the protein and a single hydrogen bond. However, mutations that eliminate this hydrogen bond have a minor e ect on the stability of the complex 31]. Both hydrogen bonds and hydrophobic interactions alone show no signi cant correlation with evolutionary conservation. Perhaps, other types of interactions (including non-direct readout) are determining the speci c recognition by TrpR 32, 33] .
When the sites obtained by SELEX are used to compute S, the correlation between S and n becomes much stronger with = ?1 and r = ?0:60. Conservation in the SELEX sequences is localized around GNACTAG consensus that corresponds to the binding half-site of one of the two protein domains. The rest of the sequences exhibit no conservation. This pronounced pattern gives rise to higher correlation. Half-site bound by the second protein domain does not show any conservation in SELEX, while exhibiting this conservation in the natural sites. Perhaps, only one domain was e ectively binding randomized sequences in the SELEX experiment.
MetJ is binding to arrays of two to ve adjacent copies of an eight base-pair \met-box" sequence. Naturally occurring operators di er from the consensus sequence to a greater extent as the number of metboxes increases. This makes the motif obtained from the individual eight base-pair sites very weak exhibiting no signi cant correlation with the number of direct protein-DNA complexes. However,the conservation pattern of SELEX-derived sites does correlate with the number of interactions between the base pairs and the protein. Protein-DNA hydrophobic interactions are not present in this complex. The pattern of hydrogen bonding, however, exhibits very strong and signi cant correlation with the conservation, suggesting an important role of hydrogen bonds in the speci c recognition of the MetJ site.
Discussion
Here we introduced a novel approach to study protein-DNA interactions. This approach is based on brining together and matching two sources of information: structural -from high-resolution protein-DNA complexes, and evolutionary -from footprinted and computationally found binding sites. The use of evolutionary information gives an enormous advantage: it allows to nd conserved base-pairs and hence reveal protein-DNA interactions that are important for speci c recognition. The question addressed by this analysis is: How well can we \predict" the observed pattern of evolutionary conservation? The answer is surprisingly simple: if we take into account all interactions a base-pair has with the protein we can predict the conserved base-pairs.
The origin of the correlation between the number of interactions and the conservation is clear: some of direct interactions between the nucleotides and the protein are stabilizing the complex; then mutations of the base pair that has more interactions are more destabilizing for the complex and, hence, are eliminated in evolution. For the same reason amino acids that have more interactions within the protein (buried residues) are more conserved. Although this result for amino acids in proteins has been known for decades 34] it was accurately quanti ed only recently 35]. A similar result for base pairs in protein-DNA complexes is reported here for the rst time. Another result concerns the role of hydrogen bonds that are widely believed to dominate in determining the speci city and stability of protein-DNA complexes. Our results, on the contrary, indicate that hydrogen bonds alone can not explain the pattern of conservation in most of the cases and hence are not the primary determinants of speci c recognition. Only when hydrogen bonds, hydrophobic and other interactions are taken together, does this number correlate with patterns of conservation.
The nature of protein-DNA interactions is very complex and involves hydrogen bonds, hydrophobic and electrostatic interactions and e ects of \indirect readout" related to water extrusion, and local DNA bending and twisting. In this study we did not consider separate contributions of other types of interactions such as: electrostatic interactions, CH...O hydrogen bonds 36],cation-interactions 37] etc. Surprisingly, such a simple parameter as the number of direct interactions (that does not take into account even the di erent strength of interactions) is able to explain the patterns of conservation in the DNA binding sites. This result makes us believe that more complex models of protein-DNA energetics would be able to predict binding motifs of the DNA-binding proteins. However, to be successful, such methods need to concentrate on interactions with conserved nucleotides, rather then on all protein-DNA interactions. A similar focus on more conserved interactions in prediction of protein structures was very productive 38].
In summary, we have studied ve di erent bacterial transcription factors and have demonstrated that the number of all interactions a base-pair has with the protein strongly correlates with conservation of this base-pair. We have also shown that neither hydrogen bonds, nor hydrophobic interactions dominate in determining this correlation. The contribution of these interactions varies for di erent transcription factors.
LM is supported by the Figure 1 
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